In-plane control of morphology and tunable photoluminescence in porous silicon produced by metal-assisted electroless chemical etching
Tunable biaxial in-plane compressive strain in a Si nanomembrane transferred on a polyimide film A method of creating tunable and programmable biaxial compressive strain in silicon nanomembranes (Si NMs) transferred onto a Kapton V R HN polyimide film has been demonstrated. The programmable biaxial compressive strain (up to 0.54%) was generated utilizing a unique thermal property exhibited by the Kapton HN film, namely, it shrinks from its original size when exposed to elevated temperatures. The correlation between the strain and the annealing temperature was carefully investigated using Raman spectroscopy and high resolution X-ray diffraction. It was found that various amounts of compressive strains can be obtained by controlling the thermal annealing temperatures. In addition, a numerical model was used to evaluate the strain distribution in the Si NM. This technique provides a viable approach to forming in-plane compressive strain in NMs and offers a practical platform for further studies in strain engineering. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/ 1.4922043] In recent years, strained silicon (s-Si) has been widely applied to boost carrier mobility in order to achieve a higher drive current in Si-based field-effect transistors (FETs). [1] [2] [3] [4] [5] Such strain engineering has been mostly limited to rigid substrates. However, the use of flexible substrates combined with strain engineering enables applications such as flexible sensors and smart patches. 6, 7 Although there have been on-going efforts to manipulate the strain in flexible electronics, achieving s-Si on flexible substrates has been a challenge. With the recent advent of transferrable semiconductor nanomembranes (NMs), strain engineering using NMs has received great attention. 8 For example, Yuan et al. first demonstrated the use of tri-layers of single-crystal Si/SiGe/Si NM to obtain s-Si on a plastic substrate. 9 Zhou et al. further utilized the trilayer Si NM to fabricate flexible RF thin-film transistors (TFTs). They achieved a biaxial tensile strain of 0.35% and an approximately 40% enhancement in electron mobility compared to unstrained devices. 10 Additionally, a unique light-emitting property was obtained from indirect band-gap materials, such as germanium (Ge) NM, by applying biaxial tensile strain. 11 Thus, strain engineering in flexible electronics provides a method to enhance the device performance. However, thus far, strain engineering for flexible electronics usually requires expensive growth equipment, such as a metal organic chemical vapor deposition (MOCVD) system, to grow delicate epitaxial layers. 9, 10 Although other methods, such as gas blowing, may also be applicable to flexible substrates, such methods could not yield strain without a use of external forces and using this method only tensile strain can be generated. 11 Therefore, there is a need to develop simpler methods to generate strain on flexible substrates.
Herein, we report a simple and viable method to create programmable biaxial compressive strain in the Si NM using the unique thermal property of Kapton V R HN film. Namely, according to the manufacturer's data sheet, the Kapton HN film shrinks when exposed to constant heat due to the residual stress generated in the film during its manufacturing process. 12 The Kapton HN film's unique thermal property allows for the creation of tunable and programmable compressive strains in the film (e.g., Si NM) attached on the top of the Kapton HN film through an annealing process. We investigated the correlation between the amount of strain and the annealing temperature using Raman spectroscopy and high resolution X-Ray diffraction (HR-XRD). We also created a numerical model using a COMSOL Multiphysics ) with acetone, IPA, and DI water. After the top Si layer was photolithographically defined, the SOI samples were undercut in a concentrated hydrofluoric acid (HF, 49%) solution as reported elsewhere. 13 Then, the released top Si layer, now called Si NM, was flip-transferred onto a 125 lm thick Kapton HN film coated with an 1 lm thick adhesive layer (Microchem, SU-8 2002) . Transferred Si NMs (size: 2 Â 1.5 mm 2 ) were completely glued to the Kapton HN films by following a UV curing process.
14 The samples were annealed at different temperatures in the vacuum chamber with a nitrogen ambient. During the annealing process, the samples were heated to the set temperature at a heating rate C/min and annealed for 20 min. Then, the samples were cooled down to RT (25 C) at a cooling rate of 20 C/min. To investigate the effects of annealing temperatures on the amount of strain that can be generated, three annealing temperatures, namely, 100, 200, and 350 C, were chosen for this study.
Raman spectroscopy (Horiba micro-Raman spectroscopy with a 532 nm wavelength laser) was used to evaluate the biaxial in-plane compressive strain in the Si NMs annealed at different temperatures. Ten areas (size: 6 Â 6 lm 2 ) on the samples annealed at different temperatures, including 100, 200, and 350 C, were randomly chosen for the characterization of in-plane compressive biaxial strains. The Si NMs were annealed for 1, 5, 10, and 20 min at 350 C to establish the correlation between the induced compressive strain and the annealing time. The electrical current changes of the annealed Si NMs associated with their strain changes were also characterized. Raman mapping on a 100 Â 100 lm 2 area was also performed to analyze the strain distribution. X-ray diffraction (XRD, PANalytical X'Pert PRO X-ray diffractometer) analyses were carried out for the Si NM annealed at 350 C to evaluate the out-of-plane (perpendicular to the Si NM) strain, created by the in-plane stress. A h/2h scan was taken around the (004) reflection to obtain the out-of-plane strain of the Si NM (Cu, Ka: 0.154 nm wavelength).
Furthermore, in order to analyze the strain distribution in the Si NM, numerical simulations of the three-dimensional (3-D) deformation of the Si NM on the Kapton HN film were carried out by COMSOL Multiphysics.
As shown in Figure 1(b) , the mechanism of the strain creation in the Si NMs is explained by the expansion and shrinkage of its substrate (i.e., the Kapton HN film) induced during the complete annealing process (i.e., the heating-annealingcooling process). This mechanistic model was built upon COMSOL Multiphysics simulation (i.e., assuming zero net change in strain from the heating and cooling processes since the same heating and cooling rates were used.) as well as the experimental data (i.e., the measured compressive strain in the Si NM) discussed in detail below. It was reported from the manufacturer's material data sheet that a 125 lm thick Kapton HN film shrunk 0.25% and 1.54% after being annealed at 150 C for 30 min, and 400 C for 120 min, respectively.
12
This unique thermal property exhibited by the Kapton HN film leads to the formation of compressive strain in the Si NMs transferred onto the Kapton HN films after the complete annealing process. As shown in Figure 1 (a), (1) during the temperature ramp-up stage (i.e., the heating process), the Kapton HN film expands linearly with the annealing temperature because the annealing temperature in this study is set to be below the glass transition temperature of the Kapton HN film (T g ¼ 360-410 C) (stage I in Figure 1 (b)). 12 (2) During the annealing stage when the film is heated at a constant temperature, the Kapton HN film shrinks due to the residual stress present in the Kapton HN film (stage II in Figure 1(b) ). The higher is the annealing temperature, the more shrinkage occurs, and thus the desired amounts of strain can be programmed by adjusting the annealing temperature. (3) During the temperature ramp-down stage (i.e., the cooling process) (stage III in Figure 1(b) ), the Kapton HN film shrinks down further. Since the heating rate and cooling rate were controlled to be the same (i.e., 20 C/min), the total amount of expansion experienced by the Kapton HN film during the heating process and the total amount of shrinkage occurred during the cooling process cancels out. Therefore, the dimension of the Kapton HN film after the complete heating-annealing-cooling process becomes smaller than its original dimension purely due to the residual (built-in) stress present in the Kapton HN film generated during its fabrication process. 12 As shown in a Figure  1(b) , the Kapton HN film experiences compressive stress after being cooled to room temperature (RT) and this compressive stress is naturally transferred to the Si NM layer. Moreover, the amount of shrinkage is dependent on the annealing temperature. Therefore, the amount of compressive strain in the Si NMs can be conveniently regulated by controlling the annealing temperature during the complete annealing process. It should be noted that the SU-8 layer experiences shrinkage after the complete annealing process 15 and this facilitates the formation of the compressive strain in Si NM. The maximum annealing temperature was still lower than the decomposition temperature (i.e., $380 C) of the SU-8 layer. 15 Thus, the SU-8 layer was intact within the range of annealing temperatures we studied and it functioned well as an intermediate layer for strain transfer from the Kapton HN film to the Si NM. Figure  1 Raman scattering peak of the Si-Si vibration modes for the as-transferred Si NM appeared at 520.1 cm
À1
. The Raman peak of the annealed Si NM was shifted to a larger wavenumber by 4.2 cm À1 compared to that of the as-transferred Si NM, indicating that a compressive strain was induced by the complete annealing process.
The biaxial stress value in the Si NM can be extracted according to the Raman shift using the following equation:
where r xx and r yy are biaxial stress along the in-plane horizontal (x) and longitudinal (y) directions, respectively, and Dx is the Raman peak shift. The proportional constant for Si used in Eq. (1) was calculated based on the phonon deformation potentials of Si. 17 Because the Kapton HN film has the same amount of thermal shrinkage along the x and y directions, Eq. (1) can be re-written as
The corresponding strain in the Si NM can be calculated based on the relationship among the stress (r), strain (e ¼ r/ E), and Young's modulus for Si (E [110] ¼ 169 GPa) 18 e xx ð%Þ ¼ e yy ð%Þ ¼ À0:128 Â Dxðcm À1 Þ:
Using Eqs. (1)- (3), the biaxial strains of 0.11%, 0.16%, and 0.54% in the Si NM were calculated from the samples annealed at 100, 200, and 350 C, respectively. , which was converted to a compressive strain value of 0.29%, 0.54%, 0.54%, and 0.54%, respectively. Namely, according to the Raman shifts, the compressive strain reached a plateau of 0.54% within the first 5 min of the annealing process. These results indicate that the strain was induced within a short period of time during the annealing process and no strain relaxation in the Si NM was observed after 20 min annealing.
In order to determine the correlationship between the current changes and the magnitude of induced strains, two metal electrodes (Ti/Au ¼ 20/130 nm) that were 30 lm apart were deposited onto the surface of the strained Si NM by e-beam evaporation. Figure 2(d) shows the currents measured at 2 V between the two metal electrodes for samples annealed at various temperatures. While the current changes were rather small for the samples annealed at 100 C (0.13 lA) and 200 C (0.14 lA), respectively, a significant current increment was observed for the sample annealed at in current at high annealing temperatures could be attributed to the fact that the conduction band of Si was split into two valleys due to the presence of induced strain which consequently increased the hole mobility. Based on the calculation of the hole mobility in biaxially strained Si, 19 an approximately 50% increase in the hole mobility is expected. These results confirmed a strong correlation between the current increase and the induced strain. Figure 3 shows that the XRD peak of Si NMs was shifted to a smaller angle after the completion of the annealing process (i.e., 350 C). To extract the out-of-plane strain value of the Si NM from the measured XRD data, the lattice spacing needs to be calculated. Because in-plane compressive stress existed in the annealed Si NM, the lattice spacing perpendicular to the Si NM increased as the XRD peak shifted to a smaller diffraction angle. The lattice spacing normal to the top surface of the Si NM can be calculated by Bragg's law
where a is the lattice spacing, k is the X-ray wavelength, h is the diffraction angle, and (hkl) is the diffraction plane. While the full width at half maximum (FWHM) values remained the same at $0.04 , the diffraction angle of Si NM was shifted from 34.78 to 34.64 after the NM was annealed at 350 C for 20 min. Accordingly, the change in lattice spacing (Da) was calculated to be 0.01908 Å according to Eq. (4). The strain corresponding to the lattice space change can be expressed as
Based on the above equations and measurements, the tensile strain perpendicular to the Si NM was determined to be 0.35%. It should be noted that this strain value calculated from the XRD data refers to the out-of-plane strain (i.e., perpendicular to the surface), whereas the strain value of 0.54% calculated from the Raman spectrum refers to the in-plane strain (i.e., parallel to the surface).
In order to fully characterize the uniformity of its strain distribution in the Si NM annealed at 350 C, a 100 Â 100 lm 2 area was scanned with a resolution of about 6 Â 6 lm 2 for the sample. Figures 4(a) and 4(b) show the Raman mapping and its corresponding Raman peaks. The highest Raman peak shift observed from area (iii) was 3.97 cm À1 and the lowest one from area (i) was 1.75 cm
. In particular, the Raman peaks of the Si-Si vibrational modes of area (i), (ii), and (iii) were measured at 521.85, 523.18, and 524.3 cm À1 which corresponded to the strain of 0.22%, 0.39%, and 0.54%, respectively. The four etched holes in the Si NM appeared as four white squares, due to the absence of Si. Although there were some minor color difference right next to the etched holes in the Raman map (referred to as the edge effect), most areas exhibit brown color. The brown color in the Raman map of the scanned areas represents the Raman peaks with a value around 524 cm À1 . The measured strain values of most areas were calculated to be 0.4%-0.5%. This uniform color distribution in the Raman map indicates that the strain was evenly distributed over a large area with a minor edge effect.
A static strain simulation was carried out by COMSOL Multiphysics with a solid stress strain model of structure mechanics to evaluate the strain distribution. Vertically stacked films of Si NM/SU-8/Kapton HN film with a surface size of 100 Â 100 lm 2 and containing four etched holes was used. The thicknesses of the Si NM, SU-8, and Kapton HN film used in the modeling were 200 nm, 1 lm, and 125 lm, respectively, which was the same with the dimensions of the samples used for the measurements. For the Si NM, Young's modulus of 169 GPa, Poisson's ratio of 0.27, and mass density of 2330 kg/m 3 were taken from literature. 21, 22 Young's modulus of 2.3 and 2.5 GPa, Poisson's ratio of 0.26 and 0.34, and mass density of 1190 and 1420 kg/m 3 were used for SU-8 and Kapton HN film, respectively. 12,23,24 Based on the experimental results (i.e., the biaxial compressive strain of 0.54% in the Si NM was induced by the annealing at 350 C), a 0.54% of shrinkage was applied on the Si NM along the x and y directions, respectively, in the simulation. Figure 4 (c) shows the simulation result of the strain distribution in the Si NM. The uniform blue color indicates that the strain was evenly distributed in most part of the Si NM; however, there was a minor edge effect around the etched holes, which is consistent with the Raman map. Figure 4(d) plots the simulated strain values of the two cross-sections along a horizontal direction. The first line (line I) scans the center of the Si NM and the second line (line II) scans the regions close to the edges of the etched holes (i.e., 2 lm above the edges). As shown in the first line scan, the strain near the edges of the 100 Â 100 lm 2 Si NM was approximately 0.05% lower than the central area. The second scan shows that the strain values slightly decreased ($0.03%) at the edges of the etched holes. Overall, the simulated strain distribution agreed well with the experimental results deduced by Raman mapping, namely, the compressive strain in the Si NM was rather uniform except the minor edge effect. For the Raman map shown in Figure 4 (a), the minor edge effect was only observed at areas surrounding the etched holes, but not around the edges of the scanned region (i.e., 100 Â 100 lm In summary, a simple and viable method to create programmable biaxial in-plane compressive strain in Si NM was developed using the unique thermal characteristic of the Kapton HN film. According to the Raman spectroscopy and COMSOL Multiphysics simulation, the compressive strain created in the Si NM was distributed uniformly across the NM except the minor edge effect. Within the range of annealing temperatures studied (from 100 to 350 C), the amount of compressive strain created in the Si NM increased with the annealing temperatures. For instance, 0.11% and 0.54% compressive strain were generated in the Si NM at an annealing temperature of 100 and 350 C, respectively. Thus, this method provides a viable approach to produce in-plane compressive strain in NMs for various applications. This work, except for the COMSOL simulations, was supported by an AFOSR PECASE Grant No. FA9550-09-1-0482. The program manager is Dr. Gernot Pomrenke. 
